ABSTRACT. The heart rate and respirations of twenty healthy full-term infants between 30 and 60 h postnatal age were studied during quiet sleep with the objective of defining spectral indices which represent normal neonatal heart rate variability (HRV) characteristics. Total HRV power and the distribution of power across different frequency bands varied considerably among infants. Cluster analysis on the measured variables indicated that the population divided into two groups that represented significantly different patterns of HRV behavior. In one group (11 subjects), infants had lower breathing rates and HRV power in a band about the respiration frequency [respiratory sinus arrhythmia (RSA) band] was more than 20% of the total power (TP). Additionally, the ratio of low frequency band power to RSA band power was <4. The other group of neonates (nine subjects) had relatively higher breathing rates, RSA power <20% of total power, and low frequency to RSA power ratio >4. Regression analysis of low frequency versus T P and RSA versus T P graphs gave strong support to the hypothesis that there were indeed two distinct patterns of HRV behavior. Separation of apparently normal neonates into two groups may be attributed partially to differences in respiratory rates and breathing patterns. However, it is possible that differences in the balance between sympathetic and parasympathetic nervous system control, perhaps related to autonomic maturation, also contribute to group separation. The indices developed from HRV spectral analysis in this investigation may be of value in the study of cardiorespiratory control in neonates. (Pediatr Res 26: 188-195,1989 Recently, spectral analysis of HRV has been studied as a means of quantifying CR behavior in neonates (1-5). Before pathologic behavior and its underlying causes can be identified, normal HRV characteristics must be defined within the context-of physiologic CR control.
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Recently, spectral analysis of HRV has been studied as a means of quantifying CR behavior in neonates (1) (2) (3) (4) (5) . Before pathologic behavior and its underlying causes can be identified, normal HRV characteristics must be defined within the context-of physiologic CR control.
Cardiorespiratory performance is governed by the autonomic nervous system. Beat-to-beat fluctuations in heart rate and blood pressure and their interaction with respiration are consequences of this complex autonomic control. Therefore, the behavior of these physiologic variables inherently contains measures of the ability of the autonomic nervous system to respond to disturbances and maintain homeostasis.
The rhythmic activity of autonomic neurons, both sympathetic and parasympathetic, influences systemic arterial pressure through peripheral resistance, HR, and stroke volume by acting on cardiac and vascular smooth muscles. The response of these effector muscles results in a behavior which is similar to that of a filter (6, 7) , determining the final rhythmic output. Sensors, such as baroreceptors and chemoreceptors, provide measurements of CR system response and information feedback within closed loop operations. Respiration both influences the CR system with each respiratory cycle and also responds to sensors within it. Thus, the composite cardiorespiratory behavior can be viewed in terms of a set of oscillations. each arising from the combined action of neurons, effector muscles, and sensors. These oscillations are often reflected in the frequency spectrum of HRV and blood pressure, either as separate peaks orthrough spectral activity resulting from interactions among the oscillators. Interactions include partial or complete entrainment of one frequency peak into another and spectral components at harmonics, or integer multiples, of oscillator frequencies (8) (9) (10) .
If the frequency content of the HRV spectrum is viewed in terms of control system behavior of the oscillations described above, information derived from various portions of the spectrum may be used to evaluate function. Kitney et al. (1 1) have proposed that HRV spectral characteristics may be employed to assess autonomic function in diabetic neuropathies of adults, and differences in power of various portions of the HRV spectrum have been used to evaluate autonomic control in renal failure (12) . Porges (5) has used spectral analysis of heart period activity associated with the respiratory frequency band as a measure of RSA amplitude and used this to describe vagal tone.
Haddad et al. (1 3 ) studied RSA in 4-wk-old puppies and in adult dogs and concluded that the physiologic mechanisms involved mature postnatally, whereas studies in a lamb model (14) imply that the sympathetic and parasympathetic nervous systems mature at different rates with the sympathetic system more prominent in fetal life. Dykes el al. (1) and Giddens and Kitney (7) described an interaction between heart rate and respiration in which the modulation frequency in breath amplitude of fullterm neonates appeared in the HR spectrum in addition to RSA. These investigators termed this phenomenon breath amplitude sinus arrhythmia (BASA).
Despite these and other studies, however, little data are available that quantify normal values of HRV characteristics in healthy neonates, either term or preterm. Before HRV behavior can be used to describe maturation or pathologies of CR control, it is essential to establish normal characteristics and their variability. Toward this end, we have studied a series of healthy, fullterm neonates during their first few days of postnatal life with the objective of defining indices that represent apparently normal HRV characteristics.
MATERIALS AND METHODS
Data were collected on a group of 20 full-term infants at Grady Memorial Hospital in Atlanta between April 1986 and May 1988. These infants were 38 to 42 wk gestational age, with birth wt ranging from 2800 to 3800 g, and were within a narrow window of 30 to 60 h postnatal age. Only infants with Apgar scores >7 at both 1 and 5 min and without congenital anomalies were considered for study. Any maternal drug exposure or evidence of acute or chronic fetal distress excluded an infant. Informed consent was obtained to record the ECG and respiration signals of these infants according to a protocol approved by the Human Investigation Committee of Emory University.
Infants were fed before testing and then placed on a bed in the prone position. The bed was situated in an environment free from excessive noise and light stimuli. Two observers monitored the infant for sleep state, determined by the method of Prechtl (1 5) . In addition to sleep state, all movements, twitches and sighs were noted on the strip chart tracing as data were being recorded. When the infant was observed to be in a state of quiet sleep, a continuous recording for a duration of at least 4 min was obtained.
The ECG and respiration signal were detected with a Hewlett Packard model no. 78834A neonatal heart rate and respiration monitor (Hewlett-Packard Co., Palo Alto, CA). The analog signals of ECG and respiration were recorded on a four channel RACAL Store4 FM tape recorder (RASCAL Recorders, Inc., Sarasota, FL) at a tape speed of 15/16 in/s. Determination of the HR from the recorded ECG signal followed the procedures described in the appendix of Dykes et al. (I) , except that a simple difference filter accentuated the QRS portions of the ECG and attenuated the P and T waves. A small interval was then easily identified around the QRS complex and the original unfiltered signal was searched for a peak within this interval. This modification improved R-wave detection, particularly in situations where there were P-waves with large amplitude. The resulting HR data and the digitized respiration signal for 100-s records were spectrally analyzed using Fast Fourier Transform methods to determine HRV power in various frequency bands and using autoregressive methods to identify oscillations at discrete frequencies, as previously described (I). All data digitization and analysis were performed on a MASSCOMP 5500 computer system (Massachusetts Computer Co. Westford, MA).
The gestational age, postnatal age, and birth wt were examined for their influence on mean HR, respiratory frequency, and total power of the HRV spectrum. The power spectrum was separated into three regions: very low frequency (VLF), 0 to 0.04 Hz (Hz = cycles/s); LF, 0.04 to 0.20 Hz; and HF, more than 0.2 Hz (Fig.  1 ). These divisions correspond to basic autonomic oscillations, i.e. cellular or humoral, vasomotor, and respiratory rhythms, respectively (6, (16) (17) (18) . Spectral content of HRV power was calculated for the following bands: VLF, LF, and RSA (defined as a band within k 0.2 Hz of the respiratory frequency obtained from peak amplitude in the respiratory power spectrum). The LF band was also subdivided into band 1 (0.04 to 0.08 Hz) and band 2 (0.08 to 0.16 Hz) because these frequencies may be of particular interest with regard to BASA and baroreceptor activity. In addition, the ratio of LF to RSA power was computed. The units of total power and the power associated with bands in the spectrum are Hz2. Values on tables and graphs are given in units of Hz2. Only segments recorded during quiet sleep, which were free of movements, twitches, and respiratory sighs, were used for analysis. Initial screening of the 100-s data segments to be used was performed by visual inspection of the time series and autoregressive power spectra of the HR and respiration. HR data segments that had upward or downward trends in the HR spectrum were not used if the power in the frequency band between 0.0 and 0.04 Hz was >20% of the total power. The reason for this was 2-fold: 1 ) a trend could increase the power in this region without evidence of any well-defined peak, and 2) if there were well- defined peaks in this region causing a power >20%, this was not considered a "stable" data record.
Statistical analyses were performed on data points representing averaged values for all stable 100-s segments of recording available for each infant. K-means cluster analysis was performed on the data using the BMDP statistical software package. A Wilcoxon, two sample test for independent samples was used to compare means of the two groups. In conducting the analysis of residuals from the linear regression of RSA on TP and LF on TP for the two groups, the residuals behaved well in normal probability plots and in displaying independence; however, the residual variances as estimated by mean square error were found to be significantly different for RSA on TP using an F test. For this reason, the slopes of the regressions were compared using a Behrens-Fisher approximate t statistic (19) . not only among individual subjects but also among records taken from the same subject, these figures illustrate two notably different types of behavior. In Figure 2 , oscillations in HR corresponding to the respiratory rate (i.e. RSA) are prominent in the time series and contain significant power as seen in the HR power spectrum. Additionally, LF oscillations are observable in the HR time series, and the LF region of the HR spectrum also contains power comparable in magnitude to that of RSA. In contrast, Figure 3 shows results from an infant who had very little RSA, as seen clearly in both HR time series and HR spectral presentations. However, there is prominent LF HRV power in this infant. Examining the spectra of the respiration records corresponding to the two examples above, the width of the respiratory peak in Figure 3 was greater than that of Figure 2 . This behavior was typical for infants that had low RSA power in the HR spectrum.
RESULTS
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H R V spectral indices. Table 1 presents the percent RSA, TP, and the ratio of LF to RSA power obtained from the HRV spectral analysis of each infant in the study. The entries for percent RSA and total power are averages for all stable data records available on that infant, whereas the LF/RSA ratio is the average for the LF to RSA power ratio for these same data records. Observation of these data and of the time series and spectral records for each infant (cf. Figs. 2 and 3) suggested that there might be two types of HRV behavior within the overall group of 20 infants: one subgroup having relatively large RSA power and small LF/RSA ratio and the other having relatively small RSA power and large LF/RSA ratio. To test this observation a K-means cluster analysis was performed. The pooled data were provided as input to the clustering algorithm with variables After the two groups were defined, the powers in the LF band and RSA band were plotted versus total power for the infants in the two groups. Figures 4 and 5 present data for group A and group B neonates, respectively. The linear regression equation and correlation coefficients are included in each figure. Because the data are plotted as a function of total power, the slopes of the regression lines reflect the percent power in the frequency band in each case. The Behrens-Fisher test showed that slopes differed significantly between the two groups for LF versus total power ( p < 0.001). For RSA versus total power, slopes were also significantly different ( p < 0.02).
Group comparisons. Table 2 is a compilation of power calculated for the various spectral bands representing averages of 100-s data records for each infant. Column 1 gives the number of data records used for each infant. Means and SD are given for each group. There was no statistical difference in mean HR ;k\~fyL 0 between the two groups, but there was a significant difference with respect to respiratory frequency ( p < 0.00 1). Power in all bands below 0.2 Hz was increased for group B versus group A. There were statistically significant differences in percent LF power ( p < 0.001) and in percent RSA power ( p < 0.001).
The averaged percent RSA was graphed versus respiratory frequency for each infant (Fig. 6) . Group B infants generally had a higher respiratory rate than group A infants, but there was overlap near 0.7 Hz.
Inasmuch as variability in total HRV power can be large among infants and over time for a given infant, two of the group A subjects were examined on three separate occasions during the second and third postnatal days: I ) morning of d 2; 2) afternoon of d 2; and 3 ) morning of d 3. Table 3 presents the results of these studies and Figure 7 illustrates the variation of percent RSA power with respiratory frequency. Analysis did not show a significant difference between the slopes, although one neonate 
DISCUSSION
Conceptually, HRV characterization can be considered to include several levels of description, e.g. I ) mean HR, 2) total power of HRV, and 3) spectral content of HRV power. Each level provides the potential for yielding additional information concerning CR control. Although data for mean HR are available for neonates, there have been no studies that establish normal values for total HRV power or for the distribution of HRV power as a function of frequency. In addition, for these data to be useful the variations within a truly normal population must be acceptably small.
The data from our investigation of 20 full-term healthy neonates contained a large degree of CR variability. Although the mean HR and respiratory rates of our infants would be classified as "normal," attempts to define population normal values for total HRV power and for the distribution of power within various frequency bands did not yield distinctive relationships. It was not until the infants were divided into two groups according to RSA power and LF/RSA ratios (i.e. a division based upon the third level of characterization), that useful indices were obtained.
The mean percent RSA power was the major factor that led to the definition of two groups, with group A having significantly larger percent RSA power than group B ( p < 0.001). Because RSA power is very small in group B, the linear relationship found between LF and total power in this group likely is due to the fact that most of the power is in the LF band. However, there is no a priori reason that the LF and RSA power in group A should also show a strong linear relationship with total power.
Group B infants, who had relatively low percent RSA power, exhibited large values of LS/RSA ratios. In fact, no group B infant had either an individual or averaged ratio value less than 4. Although this ratio is not identical to the one used by Kitney (3) in a study related to infants at risk for sudden infant death syndrome, it is similar in nature. In that study of infants ranging from 3 to 90 d postnatal age, Kitney (3) proposed that a high ratio of LF to HF spectral power indicated increased risk of sudden infant death syndrome. The fact that six of 20 clinically normal neonates in our study had ratios of LF to HF greater R e s p i r a t o r y Frequency (Hz1 Fig. 6 . Percent RSA versus respiratory frequency is graphed for all infants in the study. Points represent the averaged data from 100-s records available on each infant (group A = +, group B = 0). than 10 underscores the need to consider postnatal age in CR control when defining risk factors. The LF/RSA ratio is a reflection of both sympathetic and vagal response. Higher values of the ratio correspond to greater sympathetic and/or less vagal response and lower values are indicative of less sympathetic and/ or greater vagal response.
The appearance of two clearly different types of HRV behavior, virtually equally divided in number among a group of 20 apparently normal, full-term infants is thought provoking. In fact, the foremost questions are whether there are two different CR control patterns or whether alternative explanations for the data exist. At least three possibilities might explain differences in the two patterns of behavior in this clinically normal population: I ) sleep state; 2) respiratory characteristics; and 3) maturation.
The first of these relates to classification of sleep state. Low frequency power increases in active sleep that leads to both a decrease in percent RSA power and an increase in the LF/RSA ratio. Thus, if data were collected during active sleep, a group A infant might erroneously be placed in group B. However, two observers classified our subjects as being in quiet sleep, using the criteria of Prechtl for state 1 and state 2 sleep. Additionally, the records selected for analysis were taken from sections where respiration and HR were quite stable. Upon analysis, whenever an observer noted a change to active sleep, it was found that this was accompanied by departures from stability in the recorded data. Furthermore, the classification of infants who had multiple records during quiet sleep was consistent in each case.
Interactions between respiration and HRV are well documented (1, 4, 10, 20) and were considered as possible explanations for the observed behavior. Examination of the respiratory rates for groups A and B (see Table 2 ), showed that group B infants breathed faster. Inasmuch as RSA decreases as respiratory rate increases (8, 9, 21) , the emergence of two different groups could be simply a reflection of different breathing frequencies. However, we have examples of infants whose respiratory rates are at times within the range found for group B but whose percent RSA and LF/RSA ratios are typical for infants in group A. As a consequence, there are HRV spectral differences between the two groups that cannot be accounted for by respiratory rate alone.
Similarly, data obtained from two group A infants studied at three different times showed that although percent RSA power decreased as respiratory frequency increased in a given subject (Fig. 7) , the ratios of LF to RSA power still corresponded to group A values regardless of the breathing rate (compare LF/ RSA ratios in Tables 1 and 3 ). The fact that the percent RSA was different for the two infants at similar respiratory frequencies may arise from differences in vagal tone.
In addition to respiratory rate, the bandwidth of the respiratory rate in the respiratory power spectrum for infants in group A was less than that for infants in group B (see Figs. 2 versus 3) .
The parasympathetic system dominates during quiet sleep and respiratory drive is under automatic (metabolic) control, resulting in slower and more regular respiration (22) (23) (24) . Not all neonates may be able to control respiration in a consistently reproducible way to generate a narrow band breathing frequency. This irregularity would result in a broader respiratory band in the respiration spectrum. With the dispersion of the respiratory frequency, there may be a corresponding decrease in the stimulus effect upon the HR.
Previous investigations in neonates have shown that respiration interacts with HR at frequencies other than the respiratory rate (1, 4) . BASA has been observed in the LF region of the HRV spectra. Also, LF peaks in the power spectrum of the respiration data from full-term and preterm infants, compatible with chemoreceptor respiratory feedback control, have been described by Hathorn (25) . Cross-spectral analysis of respiration and HR data obtained from neonates may reveal that group separation can be achieved using respiratory characteristics other than the rate of breathing. This is an area for future study that will require extensive analysis.
Finally, it is tempting to speculate that the two groups reflect different levels of autonomic maturity at birth, because group A infants behave more like adults (26) . Sympathetic activity, such as standing after atropine administration, markedly reduces gain in adult HRV above 0.1 Hz with a phase delay, whereas the pure vagal response in the supine position after administration of propranolol yields a higher gain at all frequencies with no phase delay (27, 28) . Consequently, one possible interpretation of the group differences may be that group A infants have greater parasympathetic activity. This is consistent with the premise that the sympathetic nervous system dominates in more immature infants and the parasympathetic system develops further postnatally. If this is the case, group B neonates should eventually develop group A behavior. Longitudinal studies are required to determine this possibility.
In summary, we have described spectral activity and indices in healthy full-term infants which can be calculated from data readily obtained from routine monitoring available in neonatal nurseries. It appears that two distinctively different types of behavior occur in clinically normal neonates during the first few days of postnatal life. Investigations in premature infants, as well as longitudinal studies for both full-term and preterm infants, are required to determine whether these differences may be related to maturation in CR control.
